It is hypothesized that cancer stem cells arise either from normal stem cells or from progenitor cells that have gained the ability to self-renew. Here we determine whether mammary cancer stem cells can be isolated by using antibodies that have been used for the isolation of normal mammary stem cells. We show that BRCA1 mutant cancer cell lines contained a subpopulation of CD24+CD29+ or CD24+CD49f+ cells that exhibited increased proliferation and colony forming ability in vitro, and enhanced tumor-forming ability in vivo. The purified CD24+CD29+ cells could differentiate and reconstitute the heterogeneity found in parental cells when plated as a monolayer. Under low-attachment conditions, we detected "tumorspheres" only in the presence of double positive cells, which maintained their ability to self-renew. Furthermore, CD24+CD29+ cells could form tubular structures reminiscent of the mammary ductal tree when grown in three-dimensional cultures, implying that these cancer cells maintain some of the characteristics of the normal stem cells. Nevertheless, they could still drive tumor formation since as low as 500 double positive cells immediately after sorting from BRCA1 mutant primary tumors were able to form tumors with the same heterogeneity found in the original tumors. These data provide evidence that breast cancer stem cells originate from normal stem cells and advance our understanding of BRCA1-associated tumorigenesis with possible implications for future cancer treatment.
Introduction
Breast cancer occurs at a high frequency and is the second leading cause of death from cancer in women [1, 2, 3, 4, 5] . One of the major problems in treating breast cancer is the heterogeneity of tumors that prevents a complete response of cancer cells to the treatment [6] . This situation is more evident especially in basal and breast cancer associated gene-1 (BRCA1)-related breast cancers. The apparent paradox is that despite the excellent initial response to chemotherapy [7] , cancer is more likely to recur early [8] . Clinical treatment regimens operate under the assumption that all cancer cells have equal malignant potential, thus, suffer from their lack of specificity for only tumorigenic cells. Relatively successful cancer treatments shrink the bulk of tumor cells but often fail to eliminate the cancer stem cells [9] . The necessity for targeting cancer stem cells highlights the importance of defining markers for identification of the cancer initiating subpopulation of cells in order to better characterize and analyze these cells.
There are two possible ways in which cancer stem cells can be generated. They can arise either from normal stem cells or from progenitor cells that have gained the ability for self-renewal. In contrast to the progress in the hematopoietic system, where the entire cellular hierarchy is known [10, 11] , our knowledge on mammary tissue is limited. The massive expansion of the mammary gland during puberty and pregnancy, together with the regenerative capacity during successive reproductive cycles implicate the presence of stem-like cells in the mammary gland [12] . In the adult human breast it was shown that staining for keratins K14 and K19 may reveal both the stem cell ductal zone and the stem cell hierarchy [13] . In mice, the existence of normal mammary stem cells has been postulated in the past by experiments showing that after serial transplantation of retrovirally tagged epithelial fragments, a single progenitor cell may repopulate an entire mammary gland [14] . More recently, discrete populations of mouse mammary cells have been isolated on the basis of cell-surface markers and a subpopulation (Lin-CD29hiCD24+ or Lin-CD49fhiCD24med) was identified that is highly enriched for mammary stem cells [15, 16] . On the other hand, a population of Lin-CD44+CD24-/Low cells has been identified as cancer stem cells in human breast cancers [17] . Although there has been much progress in the field, many questions still remain. [1-3, 5, 18] . Numerous previous studies in mouse models uncovered an essential role for BRCA1 in multiple biological processes, including DNA damage repair, cell cycle checkpoint regulation, transcriptional activation and repression, mammary gland development and mammary tumor formation [19] . Interestingly, many characteristics of the BRCA1-related cancers fit with the stem cell origin of these cancers. First, data suggests that breast stem cells are estrogen receptor negative [20] and breast cancers related to BRCA1 are more likely to be estrogen receptor negative than other types of breast cancer [21] [22] [23] . Indeed, it was recently shown that BRCA1 plays a critical role in the differentiation of ER-negative stem/progenitor cells to ER-positive luminal cells [23] . Second, immortal cells, such as stem cells, need few mutational "hits" to become cancer, and this might explain the early age of onset of BRCA1-related cancers [24] . Third, women with BRCA1 mutations who breastfed for a cumulative total of more than one year have a statistically significant reduced risk of breast cancer, which is in accordance with the breast cancer stem cell phenotype [25] .
Taking into consideration that in the hematopoietic system normal stem cells share the same cell-surface markers with leukemic stem cells [26, 27] , we wanted to test whether CD24 and CD29, which have been used before for the isolation of normal mammary stem cells [15, 16] , can be used as markers for the isolation of enriched subpopulations of cancer initiating cells. Moreover, our goal was to examine whether BRCA1 related mammary tumors contain CD24+CD29+ cells, which retain their capacity for self-renewal and tumor formation. Focusing on the isolation and characterization of breast cancer stem cells may be important in gaining a better understanding of cancer formation and the distinct nature of BRCA1-associated breast cancer.
Materials and Methods

Mice and cell culture
Mice carrying Cre-LoxP mediated mammary specific deletion of the full length form of BRCA1 and a heterozygous null mutation of p53 (Brca1 Co/Co ;p53 +/-;MMTV-Cre) were generated as described earlier [28, 29] and maintained in a pathogen free facility. Cell lines were generated from tumors of either the third (W780) or fourth (W0069) mammary gland as reported previously [30] . Subclones were generated by a limiting dilution method. Briefly, W0069 cells were diluted (1 cell in 200 μl) and plated in 96-well plates. Colonies were grown from single cells and expanded by plating them sequentially in 24-well, 12-well, 6-well plates and finally in 10 cm dishes after trypsinization. All cells were grown in DMEM medium supplemented with 10% fetal bovine serum at 37 o C in a 5% CO 2 incubator. Cells at 80-85% confluence were trypsinized, washed with PBS and plated for each experiment.
Single-cell preparation and Lin depletion
Mammary tumors from BRCA1 conditional knockout mice were minced, washed in PBS and digested in DMEM containing 300 U/ml collagenase (Sigma) and 100 U/ml hyaluronidase (Sigma) for 1 hour at 37 o C. The resultant organoid suspension was sequentially resuspended in 0.25% trypsin-EDTA for 1-2 min, 5 mg/ml dispase (Roche Diagnostics) and 0.1 mg/ml DNase (Worthington) for 5 min, and 0.64% NH 4 Cl for 3 min before filtration through a 40-mm mesh to obtain single-cell suspension. Enrichment of Lin -epithelial cells was achieved through selective depletion of hematopoietic and endothelial cells using specific antibodies. Briefly, the single cell suspension was blocked in rat γ-globulin (Jackson Laboratories) and anti-CD16/CD32 Fcγ III/II receptor antibody (BD Pharmingen) for 10 min. Biotinylated antibodies against endothelial cells (anti-CD31, BD Pharmingen) and hematopoietic cells (anti-CD45 and anti-TER119, BD Pharmingen) were added for 25 min at 4 o C. Subsequently, cells were incubated with anti-Biotin Microbeads and depleted by using MACS columns according to the manufacturer (Miltenyi Biotec Inc.).
In case of cell lines in culture, cells were plated in 10 cm dishes, trypsinized and filtered through a 40-mm mesh or passed through 26G needles to obtain single-cell suspension followed by blocking as described above.
FACS analysis
Cells were stained at a concentration of 1x10 6 cells per 100 μl of buffer (PBS pH 7.2, 0.5% BSA, 2 mM EDTA). Antibodies against CD24 (anti CD24-PE, BD Pharmingen), CD29 (anti CD29-FITC, Chemicon) and CD49f (anti CD49f-FITC, BD Pharmingen) were used. Antibody incubations were performed at 4 o C for 25 min. Fluorescence-activated cell sorting (FACS) analysis was done using FACSCalibur flow cytometer (Becton Dickinson). Live single cells were gated for analysis. Cell sorting was carried out using FACSAria Cell Sorter (Becton Dickinson).
Cell proliferation assays
Cell proliferation was measured either by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] or growth curve assay. For the MTT assay, 1-2x10 4 cells were plated per one well of a 24-well plate and medium was changed every 24 h. After 24 h, 48 h and 72 h, medium was removed and 0.3 ml of 0.1% MTT in PBS was added in each well. After incubation for 30 min in a 37°C CO 2 incubator, MTT solution was removed and 0.8 ml of 2-propanol was added. After shaking for 30 min, OD560 was measured using a plate reader. Plating for each time point was done in triplicate. For the growth curve assay, 5x10 4 cells were plated per one well of a 6-well plate and medium was changed every 24 h. Plate was incubated at 37 o C in 5% CO 2 and every 24 h cells were detached by trypsinization and counted with a Z1 Coulter counter. Plating for each time point was done in triplicate.
In vitro colony assays
For colony assays, cells were plated into wells of either 6-well plates or 24-well plates. For soft agar assay, a bottom layer of 0.5% agar in enriched medium (containing FBS, glutamine and antibiotics) was poured first, after solidifying this was followed by a layer containing a lower amount of agar (0.3%) and containing a specified number of cells (500 cells/well). The plates were placed in the incubator and after two-three weeks, colonies were counted by naked eyes. For three-dimensional assays, cells were resuspended in matrigel by following the thick gel method according to the manufacturer. Cells were allowed to set before covering with culture medium. Pictures of the colonies were taken after two weeks by using an Olympus IX81 inverted microscope.
Histology and immunohistochemical staining
For histology, tissues were fixed in 10% formalin, blocked in paraffin, sectioned, stained with hematoxylin and eosin, and examined by light microscopy. Detection of mitotic cells was performed using a ZYMED Histostain staining kit (ZYMED, San Francisco, CA) according to the manufacturer's instructions by using a primary antibody against Ki67 (Novocastra, Newcastle upon Tyne, UK).
Tumorsphere culturing in vitro
For generation of tumorspheres, single cells were plated on ultra-low attachment plates (Corning) in DMEM medium containing 20 ng/mL basic fibroblast growth factor (Sigma), 20 ng/mL EGF (Sigma), 4 μg/mL heparin (Sigma) and B-27 supplement (1:50 dilution, Invitrogen), and cultured at 37 o C, 5% CO 2 . For limiting dilution experiments cells were plated in low attachment 96-well plates (Corning). For testing regeneration capacity of these tumorspheres, single-cell generated tumorspheres were collected by centrifugation (800 g) and then were mechanically and enzymatically dissociated in 0.25% Trypsin-EDTA for 10 min at 37 o C, followed by passing through 26G needles.
Tumor injection
Cells after trypsinization or cells immediately after sorting were resuspended in PBS, which then were mixed at 1:1 ratio with Matrigel (BD Biosciences) on ice. The cell mixture was then injected either subcutaneously bilaterally in the flanks and on the back or into the fourth mammary fat pad of female immunocompromised mice. At least five mice were used for each group. Mice were followed every other day for tumor formation. Tumor size was measured with a caliper when visible nodules were present. Tumor volume was calculated by using the formula V=2/3πr x r y r z (r is radius and x, y, z refer to each axis, and π=3.14).
Results
BRCA1 mutant cancer cell lines and primary tumors from BRCA1 mutant mice contain a subpopulation of CD24+CD29+ cells
We first tested whether CD24 and CD29, markers for normal mammary stem cells [15, 16] , could be used to isolate CD24+CD29+ double positive populations from BRCA1 mutant tumor cells. We first performed flow cytometry analysis of two tumor cell lines derived from mammary tumors of Brca1 Ko/Co ;p53 +/-;WAP-Cre mice [30] . We identified a subpopulation of cells in both cancer cell lines that expressed cell surface markers CD24 and CD29 (Fig. 1A) . The profile was similar when cells were stained with CD49f instead of CD29 (Fig. 1C) . CD49f stains for α6-integrin, which forms heterodimers with β1-integrin (CD29) and it has also been shown before to enrich for mammary stem cells [16] . We have also isolated a discrete subpopulation of CD24+CD29+ cells from BRCA1 mutant primary mammary tumors after using antibodies against well-characterized endothelial (CD31) and hematopoietic (CD45 and TER119) antigens to deplete these lineage positive cells followed by fluorescence-activated cell sorting (FACS) (Fig. 1D) Because the CD24+CD29+ cells are only present as a small population in these cell lines and primary cancers, we next investigated whether this population of cells can be enriched in the subclones derived from these cells. Therefore, we derived subclones from one of the cell lines, W0069. Interestingly, we found that all clones examined exhibited heterogeneity containing from a high percentage of CD24+CD29+ cells at about 15% (W0069-228, Fig. 1E ) to very low or no CD24+CD29+ (W0069-229, Fig. 1F) (Fig. 1G) . Thus, the heterogeneity found by FACS analysis was reflected in the morphology of these cell lines as observed by microscopy. Since these clones were derived from individual single cells, the failure to obtain a high purity of CD24+CD29+ cells suggests that these cells might differentiate and repopulate the heterogeneity, while the CD24-CD29-cells, such as W0069-229 might have a decreased ability to undergo differentiation, and therefore maintain their homogeneity (see next for further evidence).
The differences in the number of CD24+CD29+ cells in subclones led us to test whether there are any different phenotypes between these clones. Specifically, we were interested in characteristics related to cancer stem cell phenotype such as the ability to proliferate or grow under low attachment conditions either in liquid culture or in matrigel. The proliferation capacity correlated with the amount of double positive cells since both W0069 and W0069-228 cells proliferated much faster than W0069-229 cells ( Fig. 2A, B) . Furthermore, both W0069 and W0069-228 could form colonies in soft agar and matrigel, respectively, while no colonies were formed when the same number of W0069-229 cells was tested under identical experimental conditions (Fig. 2C, D) . To determine the tumor-initiating capacity of the cell lines, we injected subclones containing different percentages of double positive cells to nude mice subcutaneously and monitored tumor formation. W0069-228 cells showed enhanced tumorigenicity compared to W0069-229 cells as indicated by measuring the tumor volume at different time points after injection (Fig. 3A) . This was further confirmed by staining tumors with the proliferation marker Ki67, since it was shown that in W0069-228 tumors the majority of cells exhibited positive staining compared to the lower amount of Ki67 positive cells found in W0069-229 tumors (61±4.9% vs. 34±1.1%, respectively), suggesting that indeed W0069-228 cells are more tumorigenic than W0069-229 cells (Fig. 3B) . The same results were obtained when the different cell lines were injected directly to the mammary fat pad of nude mice. After 10 6 cells of either W0069 or W0069-228 cells were injected, all mice formed tumors (6/6) in both cases after one month. On the other hand, when W0069-229 cells were injected, only half of the mice (3/6) formed tumors. In addition, tumors generated from W0069 and W0069-228 cells were much larger (>1cm) than tumors formed from the same number of W0069-229 cells (<0.5cm) when the tumors were measured one month after injection (Fig. 3C) . Based on previous studies it is believed that tumors are composed of a heterogeneous population of cells, with differences in their phenotypic characteristics and proliferative potential, including cancer cells with indefinite proliferative potential and those with limited or no proliferative potential [11, 31] . Thus, our data indicates that the presence of CD24+CD29+ cells may drive tumorigenicity of these cell lines, implying that this subpopulation shares the characteristics of cancer initiating cells. 
Double positive (CD24+CD29+) cells exhibit differentiation potential
To provide further evidence to our hypothesis, we sorted out CD24 and CD29 double positive or negative cells and compared their ability for growth, differentiation, and tumorigenesis. After 2-3 passages in conventional tissue culture dishes, the sorted CD24+CD29+ cells were able to differentiate and reconstitute the heterogeneity found in the parental cell line, as revealed by FACS using markers for either CD24/CD29 (Fig. 4A) or CD24/CD49f (Fig. 4B) . In contrast, the sorted CD24-CD29-cells could not differentiate and reconstitute the heterogeneity found in the W0069 cell line (Fig 4C, D) . Notably, the heterogeneity of the double positive cells was again reflected in the morphology of the cells in culture (Fig.  4E) , which was similar to the parental cell line. On the other hand, double negative cells in culture were homogeneous and looked very similar to the W0069-229 subclone. Thus, expansion of double positive cells in a monolayer leads to reconstitution of all different subpopulations found in parental cells, whereas cells depleted of double positive cells were unable to repopulate the CD24+CD29+ fraction. As mentioned earlier, one of the hallmarks of cancer stem cells is their ability to grow and form colonies under anchorage-independent conditions. Thus, in order to check whether double positive cells are enriched for cancer initiating cells, sorted CD24+CD29+ cells were grown in matrigel. As shown in figure 5A , and 5B, double positive cells exhibited enhanced colony-forming ability, whereas no colonies were formed when 500, 200, or 100 double negative cells were grown under the same experimental conditions. It was shown that epithelial cells grown in three-dimensional cultures recapitulate numerous features of breast epithelium in vivo, including the formation of acini-like spheroids, apicobasal polarization of cells, basal deposition of basement membrane components (collagen IV and laminin V), and in some cases, the production of milk proteins [32, 33] . Since the cancer cell lines used were from mammary epithelial cancers, we wanted to investigate whether these cells may differentiate when cultured in three-dimensional cultures. Indeed we found that CD24+CD29+ cells exhibited an expanded differentiative repertoire compared to the double negative cells. While no differentiated structures were found in colonies formed by double negative cells, double positive cells could differentiate into complex tubular and branched structures reminiscent of the mammary ductal tree (Fig. 5C ). Previous studies reported that normal mammary stem cells have the ability to recapitulate the architecture of the mammary gland [15, 34] . Since this subpopulation of cancer cells maintains the ability to differentiate in three-dimensional culture systems, it is possible that CD24+CD29+ cells share some of the characteristics of normal mammary stem cells. 
Double positive cells exhibit self-renewal capacity and contribute to tumor initiation and growth
Most stem cell enrichment protocols rely on immunosorting according to the cell surface expression of some proteins. Alternatively, it has been shown that mammospheres, which are spherical colonies formed by epithelial cells when cultured on non-adherent surfaces are enriched in stem/progenitor cells [35] . Since cancer initiating cells resemble stem cells in their ability to grow as "tumorspheres" in culture, we wanted to check whether CD24+CD29+ cells maintain the potential to grow under conditions in which they cannot attach to a solid substratum. Whereas many cells underwent anoikis as expected, both parental and double positive cells were able to form "tumorspheres" after 3-4 days in culture (Fig. 6A) . After enzymatic dissociation of these spheres, we could still get secondary "tumorspheres", indicating that they are enriched for cancer initiating cells with self-renewal capacity. In contrast, the majority of double negative cells grown in suspension were non-viable floating cells with some cells growing as aggregates, which eventually deteriorated. To further confirm that these tumorspheres represented the progeny of an individual cell, we plated cells in limiting dilution with one cell, on the average, in each well of 96-well plates. Of note, we found that both parental and double positive cells had almost the same number of cells capable of giving rise to "tumorspheres" (419±96 vs. 391±128 per 10000 cells), while no tumorsphere was found in the double negative cells (Fig. 6B) .
Nevertheless, the most important feature of cancer stem cells is their ability to form tumors. For this reason we sorted out double positive and double negative cells from primary BRCA1 tumors developed in Brca1 Co/Co ;p53 +/-;MMTV-Cre mice [28] and tested their tumor forming ability. When as low as 500 CD24+CD29+ cells were injected into the mammary fat pad immediately after sorting, these cells were able to form tumors (4/5 injections), whereas no tumor formation was seen in mammary fat pads injected with 500 double negative cells (Fig. 6C) . Notably, tumors grown from CD24+CD29+ cells showed a phenotypical heterogeneity when they were checked by flow cytometry, since both double positive and double negative cells were present in these tumors resembling the profile of the primary tumors (data not shown). These results suggest that double positive cells share some of the characteristics of cancer stem cells, since they exhibit the capacity for self-renewal, differentiation and the ability to form tumors in vivo. 
Discussion
Recently a subpopulation (Lin-CD49fhiCD24med) was identified that is highly enriched for normal mammary stem cells by transplantation [15, 16] . After replacing CD49f with CD29 (β1-integrin), which forms heterodimers with α6-integrin (CD49f), a similar subpopulation (Lin-CD29hiCD24+) was also purified [15, 16] . Actually, a single cell with this phenotype can reconstitute a complete mammary gland in vivo, thus generating luminal and myoepithelial lineages as well as lobuloalveolar structures during pregnancy [15, 16] . If tumors originate from stem cells since normal stem cells may be the targets for transformation, it was hypothesized that it is possible that markers used for the isolation of normal mammary stem cells may also work for the isolation of mammary cancer stem cells [36] . In the present study, we tested this hypothesis and identified a subpopulation of mammary tumor initiating cells using markers such as CD24/CD29 or CD24/CD49f, which have been used to purify normal mammary stem cells. Thus, our study provides evidence for the first time that BRCA1-associated mammary cancer stem cells might originate from normal mammary stem cells.
It was previously shown that mammary stem cells are Hoechst 33342 negative and Sca-1 positive [37] . However, recently it was found that a single cell with the phenotype CD24+CD29+ can reconstitute a complete mammary gland in vivo [15, 16] . Interestingly, neither high Sca-1 expression nor Hoechst33342 dye exclusion were enriched in this CD24 and CD29/CD49f population. Moreover, in contrast to a general concept that mammary stem cells divide slowly [38] , the CD49fhiCD24med cells were found to be in G1 or S/G2/M fractions [16] . indicating that they are in a cycling, instead of quiescent, stage. Here we show that the amount of double positive cells in BRCA1 mutated cell lines correlates with the proliferative capacity, the ability to grow in anchorage-independent conditions and the tumor-forming ability of either these cell lines, or different subclones derived from the same cell lines. Furthermore, we proved that CD24+CD29+ cells retain their ability to proliferate and drive tumor formation by sorting out these cells from double negative cells. Indeed, we showed that CD24+CD29+ cells could repopulate the heterogeneity found in the parental cells, since different cell populations were found after 2-3 passages in culture. Even more interestingly, the CD24+CD29+ cells could grow in three-dimensional culture systems, where differentiated structures were visible in contrast to double negative cells, suggesting that double positive cells might be less differentiated than CD24-CD29-cells. Thus, we conclude that CD24+CD29+ cells are enriched for cancer stem cells in BRCA1 deficient tumors.
With the expansion of the cancer stem cell field many different markers for stem cells have been identified. Focusing on mammary/breast tumors, different markers have been described to enrich for cancer stem cells. For example, in MMTV-cNeu oncogene induced mammary tumors, cancer-initiating cells were found exclusively in either Sca1+CD24+ or Sca1-CD24+ populations [39] , whereas in MMTV-Wnt1 mammary tumors, Thy+CD24+ were highly enriched for cells capable of regenerating new tumors [40] . On the other hand, in breast tumors, it has been shown that CD44+CD24Low cells share characteristics of cancer stem cells [17] . These differences may imply that in different kind of tumors, different cells are the targets for transformation, thus different markers are needed for the isolation of the specific tumorigenic subpopulation. Of note, even in tumors caused by a mutation of the same tumor suppressor gene, there is a discrepancy in the phenotype of this specific subpopulation, as it was recently shown that BRCA1 mutant tumors contain distinct CD44+CD24-and CD133+ populations with cancer stem cell characteristics [41] . Given that in our study we showed that CD24+CD29+ cells are enriched for cancer initiating cells, it is possible that different markers may be expressed in stem cells at different stages of differentiation within the same tumor. Thus, by using different markers we may isolate primitive cancer stem cells, early progenitors, or differentiated progenitors. All of these cells may drive tumor formation, but they can differ in other aspects, such as the capacity for self-renewal, differentiation potential, or metastatic ability. Thus, although there has been dramatic progress in the breast cancer stem cell field, future studies are needed to find out which markers stain what types of cells, in order to further define the heterogeneity exhibited by cancer stem/precursor cells.
Our data suggest that during BRCA1 related tumorigenesis, normal stem cells may be the targets for transformation and tumor formation as it has been shown recently for MMTV-Wnt1 mammary tumors [40] . The self-renewal and differentiation capacity of these cells in non-adherent conditions supports the idea that although these cells have been transformed to cancer cells they still maintain many of the characteristics of normal stem cells. We propose that our data provides evidence of the cancer stem cell origin of BRCA1 tumors. Although recent data from human samples suggest that BRCA1 plays a role in the differentiation of normal breast stem cells [21, 23] 
